A highly anisotropic toughness behavior has been revealed on a forged AA6061 aluminum alloy by toughness tests with CT specimens. e toughness values with specimens loaded on the longitudinal direction are larger than that loaded on the transverse direction due to the anisotropic shape and distribution of coarse precipitates induced by the morphological anisotropy of grains during forging process. Synchrotron radiation computed tomography analysis on as-received material and arrested cracks revealed different fracture modes for the two loading configurations. e damage mechanism has been validated by finite element simulations based on the Gurson-Tvergaard-Needleman micromechanical damage model with different sets of damage parameters for the two loading configurations obtained from quantitative void volume fraction analysis on SRCT data, in situ SEM experiments, and SRCT microstructural analysis.
Introduction
Aluminum alloys are often used in industrial structures for its light weight, its corrosion resistance [1] , and its mechanical properties. Toughness is a crucial mechanical property in the design and use of industrial metal components.
e toughness is frequently appeared to be anisotropic for forged aluminum alloys.
e study on the anisotropic feature helps engineers to predict the lifetime of industrial parts. e origin of the anisotropy of damage is associated with microstructural anisotropy [2] [3] [4] .
Several models of anisotropic ductile damage, taking into account the microstructural aspects, exist in the literature.
ese models are based on either the Gurson micromechanical model [5] or its extension developed by Tvergaard and Needleman (named GTN model) [6] or the Lemaitre phenomenological model [7, 8] . e parameters of the GTN model have been identified by 3D synchrotron laminography by Shen et al. [9] in AA6061 aluminum alloy sheets loaded on the transverse direction. e anisotropic behavior was not taken into consideration in this article. Several authors have modified these models by taking into account the coalescence of anisotropic cavities [10] [11] [12] [13] [14] based on the work of omason [15] . ese studies show an increase in the crack propagation resistance in the case where the cavities (or coarse precipitates) are elongated along the initial loading direction. is anisotropy of the microstructure delays the coalescence of the cavities as the intercavity or interprecipitate distance in the path of the crack is larger. However, a limitation exists in these models: only coalescence by internal necking [15] is taken into account in these models, but the coalescence of microcavity-generated ligament on a second population of the precipitates is frequently observed in this material [16, 17] .
In this article, the initial microstructure of the alloy was analyzed by synchrotron radiation computed tomography (SRCT). ese observations were carried out at the European Synchrotron Radiation Facility (ESRF) on the ID19 beamline. Samples relating to deformed states correspond to parallelepipeds in CT specimens in the region of ductile tearing. Two loading configurations have been studied: LS and TL. We will discuss later in this article these test configurations. e isotropic GTN damage model was used with two parameter sets to represent each configuration taking into account the initial microstructure of the alloy, the germination of cavities on coarse precipitates, the growth of cavities, and two mechanisms cavity coalescence: coalescence by internal necking and coalescence ligament. Cavity nucleation on a secondary population of precipitates was taken into account leading to coalescence mechanism ligament. e model parameters are determined by experimental analysis. e results were then compared with the experimental curves of fracture toughness tests.
Experimental
A forged AA6061 alloy was used in this study whose chemical composition is given in Table 1 . e material used was in the T6 temper (solution heat treated at 530°C during 3 h and water quenching and aged at 175°C during 12 h). e heat treatment was defined to obtain the maximum yielding stress. More details on the manufacturing process, the microstructure, and mechanical properties of the material are described in [9, 18] . e forging direction, the long transverse direction, and the short transverse direction are referenced to the letters L, T, and S, respectively.
Tensile tests have been performed on smooth round specimens with an initial length of 50 mm and diameter of 10 mm. ese tests have been conducted through L and T loading directions with a loading rate of 10 −4 s −1 . Toughness tests have been carried out on CT12.5 specimens (Figure 1 ) to investigate the fracture properties according to the ISO standard [19] . Two loading configurations have been conducted: LS and TL.
e first letter represents the loading direction and the second the crack propagation direction. A 2.5 mm precrack was introduced by crack-length-controlled fatigue cycling [20] . Tests were performed on a servohydraulic machine with a loading rate of 8.3 μm/s. At least three tests have been performed in each configuration with only a small dispersion of results.
After being taken in the crack initiation and propagation region on arrested CT specimens by electrical discharge machining [21] (Figure 1 ), samples were scanned by synchrotron radiation computed tomography (SRCT) installed at beamline ID19 [22] of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. We followed the methods of Shen et al. described in [9] . We used a monochromatic beam of 19 keV X-ray energy. Volumes were reconstructed from angularly equidistant 2000 projections with an exposure time of each projection of 100 ms. A voxel size of 0.7 µm was chosen. Details of the experimental method and image reconstruction are given in [23, 24] .
For image analysis performed on as-received material, the analyzed volume is 700 × 700 × 700 μm 3 corresponding to the representative elementary volume (REV). Only objects with a size larger than 2.1 × 2.1 × 2.1 μm 3 are considered. For the analysis of arrested CT samples, after the reconstruction of tridimensional images, cracks were first binarized with the morphological algorithm "connected threshold growing" by using the software ImageJ and then analyzed using a "sum along ray algorithm" [2, 25, 26] . A Visualization Toolkit (VTK) software routine was used to render the three-dimensional (3D) datasets and produce the 3D images.
e aim was to precisely determine and quantify the local crack characteristics such as opening within the 3D volumes. Figure 2 shows the microstructure of the as-received material obtained by 3D SRCT analysis. Two types of precipitates at the micrometer scale are present in this material: coarse Mg 2 Si and iron-rich intermetallics [18, 27] with, respectively, their volume fraction of 0.43 ± 0.11% and 0.59 ± 0.15%. Little porosity can be observed with volume fraction less than 0.05%. e granular structure of the material has been analyzed by SRCT on the gallium-wetted sample. In fact, when liquid gallium is brought in contact with aluminum, gallium can penetrate the grain boundaries. Gallium has a very high X-ray attenuation coefficient compared to aluminum; this renders gallium layers visible by SRCT [28] . Figure 3 shows the superposition of reconstructed tomography images performed on the sample before and after gallium wetting. Coarse precipitates and grain boundaries can clearly be seen owing to the local segregation of gallium. It is observed that both coarse Mg 2 Si precipitates and iron-rich intermetallics are mostly distributed on grain boundaries. e image analysis conducted on tomography data has revealed the Feret diameters [29] of precipitates defined as the diameters derived from the distance of two tangents to the contour of the particle in L, S, or T direction, referred as F L , F S , and F T , respectively. e average values for all precipitates are listed in Table 2 . Due to the forging process, these coarse precipitates have a slightly elongated shape ( Figure 2) .
Experimental Results

Microstructure.
To analyze the spatial distribution of the particles, the Voronoi diagrams [30] are often used that decompose the threshold image by cells in each of which contains a particle.
e particles are assimilated as a point in this method so that the elongated shape of the particles is not taken into account. Table 2 for both coarse phases through L, S, and T directions. Alignment of precipitates is shown in Figure 2 through the L direction. It is expected that the Voronoi cells are "compressed" along this direction as the interprecipitate distance is smaller in this direction. Nevertheless, this conclusion cannot be drawn for coarse Mg 2 Si precipitates, which is probably due to the presence of threshold noises (small objects). is conclusion is however observed for cells of iron-rich intermetallics with a flat shape, which means an alignment of these intermetallics along the L direction. Figure 5 shows the results of tensile tests on smooth specimens loaded through L and T directions.
Tensile Tests on Smooth and Notched Specimens.
e yield strength (YS) and ultimate tensile strength (UTS) are approximately identical for the two loading directions. e fracture surfaces for both loading directions are spherical, which indicates an isotropic behavior of plasticity. However, the ductility, i.e., fracture strain is significantly different, with specimen loaded through the L direction is 3 times higher than that loaded through the T direction. Figure 6 shows the results of toughness tests for LS and TL configurations in terms of the force as a function of the crack mouth opening displacement (CMOD). e maximum load is higher for the LS configuration (∼4.7 kN) as compared to the TL configuration (∼3 kN).
Toughness Tests.
Fractography of CT Specimens.
Fracture surfaces have been analyzed by using the scanning electron microscope (SEM) for specimens on LS and LT configurations ( Figure 7 ). It is found that most zones are covered by dimples at 10 to 30 μm with the presence of Mg 2 Si and iron-rich intermetallics ( Figure 7 (a)), interconnected by submicron dimples or shear zones (Figure 7(b) ). Whatever the test configuration, dimples are spherical which means that the growth of cavities is isotropic in the fracture plane.
For the specimen loaded in the TL configuration, the crack propagates through the direction of alignment of coarse precipitates.
e fracture mode is primarily intergranular due to the intergranular distribution of coarse precipitates. e absence of transgranular coarse precipitates requires the sudden crack bifurcation during its propagation to join another alignment of intergranular precipitates. is Advances in Materials Science and Engineeringbifurcation is also observed by Achon and Di Russo [33, 34] , which occurs along cliffs perpendicular to the propagation plane (Figure 7(a) ). Dimples are close to each other and well defined as the void coalescence takes place primarily by internal necking.
In the case of a LS test configuration, crack propagates perpendicular to the plane of alignment of coarse precipitates and therefore gets through grains in their thickness direction. Ductile dimples are smaller connected by smooth areas of a size close to the width of grains (Figure 7(b) ). In the smooth area, submicron-sized dimples could be observed with the presence of a second population of precipitates much smaller.
e authors showed that this second population of precipitates is probably homogeneously distributed dispersoids of chromium and manganese with a size between 50 nm and 300 nm [35] [36] [37] [38] .
e fracture mode for the LS configuration is therefore the combination of intergranular and transgranular modes.
e primary void coalescence occurs then by shear band with a presence of void sheeting [16] .
SRCT Study of Fracture Mechanism in Interrupted CT
Specimens. Tomography scans of interrupted cracks allow observation of the fracture mechanism during the crack initiation and propagation in 3D as well as the subsequent evolution of the fracture process in front of the crack tip. In this study, the CT specimens have been interrupted immediately after the maximum of loads is reached during toughness tests in two configurations (TL and LS) where samples in the crack initiation and propagation region have been taken and observed by SRCT (Figure 1 propagation. Only damage percolated with the crack is represented, whereas isolated damage in front of the crack is not shown in the COD map.
In the TL configuration (Figure 8(a) ), the crack is continuously formed by spherical dimples with a size related to isolated cavity a head of the crack. e interdamage distance is low (about 50 microns) indicating that coalescence by internal necking is dominant. Some narrow and opened ligaments are also recognized which can be referred to cliffs observed in fracture surfaces (Figure 7(a) ).
In the LS configuration (Figure 8(b) ), the fatigue precrack is more open than in the TL configuration indicating a better resistance to the crack propagation in this configuration. We note an absence of well defined crack tip. e crack propagation zone is not continuous with the presence of bridges between clusters of cavities. Figure 8 .
ese sections confirm the conclusions obtained in fractography analysis (Figure 7 ). For TL configuration (Figure 9(a) ), the crack propagates parallel to the direction of alignment of coarse precipitates. e failure mode is mainly intergranular. For LS configuration (Figure 9(b) ), in addition to the intergranular damage mode, the transgranular narrow ligaments are observed between void clusters.
Figures 9(c) and 9(d) show the 2D sections through green lines in Figure 8 . For TL configuration (Figure 9(c) ), the crack is continuous with small-coalesced cavities. e void coalescence by internal necking is early and rapid with a very limited void growth stage. For LS configuration (Figure 9(d) ), continuous crack propagation is not observed but large clusters of cavities at grain boundaries are linked by narrow ligaments. Void coalescence takes place later by a second population of voids initiated on dispersoids of chromium and manganese [35] [36] [37] [38] .
Analysis presented in Figure 8 in terms of crack opening displacement is calculated in terms of void volume fraction in regions of interests (ROI) equal to 140 × 140 × 70 μm 3 . Figure 10 shows a map of average void volume fraction in each ROI in the crack propagation plane, the value selected and shown in the figure corresponds to the maximum value in the loading direction (normal to the propagation plane). Figure 11 illustrates evolution of void volume fraction averaged through width of specimens in function of distance in the crack propagation direction. e two values indicated by arrows represent the average fraction measured at crack tip of the two configurations (dotted lines in Figure 10 ). e position of the crack tip is chosen at the maximum crack propagation for which all void volume fraction values are nonzero. ese values, 1.5% for TL configuration and 5.6% for LS configuration, will be used as critical void volume fraction at failure in the modeling.
Modeling
Parameter Identification.
e material model is described in Appendix A including the Voce hardening law [39] and the Gurson-Tvergaard-Needleman (GTN) damage model [5, 6] where the material damage is associated with a void volume fraction. e main material characteristic parameters included in the models are (i) parameters of the hardening law, (ii) preexisting voids and void nucleation parameters, (iii) void growth parameters, and (iv) void coalescence parameters. e hardening curve is experimentally measured using tensile tests performed on smooth specimens. Beyond uniform elongation of the specimen, the true stress/strain tensile relationship was determined by using the Bridgman correction [40] .
e parameters of the isotropic Voce hardening law have been fitted to the experimental data, which leads to the values presented in Table 3 . e Voce law only describes stage III. e adjustment of the law is in good agreement with the experimental data ( Figure 5 ). Stage IV could be neglected. Advances in Materials Science and Engineering
As concluded obviously by synchrotron laminography in situ analysis [9] , the coarse Mg 2 Si precipitates start to be damaged in the very early loading stage.
is has been confirmed in in situ SEM tensile tests (not shown here) where the coarse Mg 2 Si precipitates fracture already in the elastic part of the stress-strain curve. As a consequence, these precipitates are considered as preexisting voids f 0 in the simulations.
Cavities nucleating on iron-rich intermetallics are taken into account in the void nucleation parameters. e volume fraction of iron-rich intermetallics obtained by SRCT is considered as the maximum value of the voids that could be nucleated f n . e two other parameters of the void nucleation law (ε n0 and s n0 ) are determined by fitting the evolution of density of cavities measured by image analysis during in situ SEM tensile tests and the void nucleation law (not presented here).
e values proposed by Tvergaard and Needleman [6] (q 1 � 1.5 and q 2 � 1) are used as void growth parameters in the GTN model. e quantitative analysis described in Section 3.5 provides us the critical void volume fraction at failure for both configurations TL and LS. e crack extends over one element when void volume fraction in ROI has reached this critical value f f � 1.5% for TL configuration and f f � 5.6% for LS configuration throughout the entire element. It is noted that this value is obtained experimentally with an ROI of 140 × 140 × 70 μm 3 in front of the crack. e same element size must be used in finite element analysis, which is 70 × 70 × 70 μm 3 with the symmetry condition around the center of specimen.
For the present material, two reasons lead us to consider that the material loses its strength once the void coalescence begins. First of all, we cannot observe any coalescence 8 Advances in Materials Science and Engineering between voids without involving the crack, which means that the crack begins to propagate at the same time or earlier than void coalescence at the present stress state. Secondly, it was observed previously by ex situ SRCT tensile tests that the damage evolution is extremely rapid after the coalescence has started. erefore, the critical void volume fraction at coalescence f c is assumed to be the same as the critical value at which the crack extends f f , and the acceleration factor δ � ((
To sum up, the parameters used for the finite element simulations are resumed in Table 3 .
Model Predictions.
e finite-element simulation technique is described in Appendix B. e experimental study showed a strong anisotropy of toughness for the forged AA6061 aluminum alloy.
e toughness is significantly lower in TS configuration than in LS configuration. e two configurations have been simulated by using different sets of damage parameters of the GTN model. Figure 6 shows load-CMOD curves for both experimental results and finite element simulation results for CT specimens in TL and LS configurations. Only the parameters of critical void volume fraction at coalescence and failure are different for the two configurations, i.e., f c � f f � 1.5% for TS configuration and f c � f f � 5.6% for LS configuration.
In the case of TL configuration (red symbols and curve in Figure 6 ), the maximum load and the opening displacement are well predicted. It should be noted that no parameter is adjusted to obtain a good agreement between simulations and experimental results.
In the case of LS configuration (green symbols and curve in Figure 6 ), the simulation has overestimated the maximum load because the critical failure parameter f f � 5.6% is too high. is can be improved by a more precise identification of the parameters. As we have shown in Sections 3.4 and 3.5, the intergranular and transgranular failure modes coexist in this configuration. Coalescence between void clusters takes place on narrow ligaments across grains involving the nucleation, growth, and coalescence of a second population of precipitates, i.e. dispersoids of chromium and manganese. is second damage mechanism during coalescence of the primary voids is partly neglected in the traditional GTN model.
Conclusions
Toughness tests on CT specimens have been carried out in two loading configurations: TL and LS on a forged AA6061 aluminum alloy in T6 condition. e material is highly anisotropic in terms of toughness values with LS configuration larger than TL configuration. Nevertheless, tensile tests performed on smooth specimens reveal an isotropic plastic behavior, which is used to fit an isotropic Voce hardening law. A previous study by in situ synchrotron laminography [9] and fractography of CT specimens have concluded fracture mechanisms linked to coarse precipitates and shear bands. e anisotropy of toughness is due to the anisotropic shape and distribution of coarse precipitates induced by the morphological anisotropy of grains. Anisotropic initial shape and distribution of coarse precipitates have been identified through SRCT studies of the as-received material. SRCT analysis of arrested cracks has revealed different fracture modes for the configurations TL and LS. Voids nucleate first on coarse Mg 2 Si precipitates, followed by growth and coalescence.
e iron-rich intermetallics enter in this procedure much later. Void coalescence is easier if the coarse precipitates are close to each other. For TL configuration, the coarse precipitates are intergranular and aligned in the plane of crack propagation. Void coalescence takes place by internal necking and the crack propagates mainly by the intergranular failure mode where the fracture energy is lower. For LS configuration, the coarse precipitates are aligned perpendicular to the plane of the crack propagation. Intergranular and transgranular fracture modes coexist in this case and the fracture energy is therefore higher [3, 41] . e void coalescence takes place by internal necking and a second mechanism on a second population of precipitates, i.e., dispersoids of chromium and manganese [35, 38] . e quantitative void volume fraction analysis has been conducted on SRCT data of the arrested cracks for the two e void volume fraction at crack tip was used as the critical void volume fraction for failure of elements with the same element size. Other parameters were identified by in situ SEM experiments and SRCT microstructural analysis. In this identification procedure, all parameters were identified experimentally by a local approach and in situ observation without parameter adjustment. Finite element simulation conducted on the CT specimens shows the good agreement for TL configuration, whereas the simulation on LS configuration overestimates the maximum load owing to the neglecting of the role of second population of precipitates.
B. Simulation Technique
e GTN model was implemented in the finite element software Cast3m (http://www-cast3m.cea.fr/), developed by the CEA in France. Due to symmetry, a quarter of the threedimensional SRCL specimen is meshed by using quadratic elements with reduced integration (Figure 12 ).
When modeling crack propagation using continuum damage mechanics, the crack is a thin volume which height is half the element height in the case of quadratic elements with reduced integration (type CU20 with 20 nodes and 8 Gauss points) [43] . e mesh is refined in the crack region with element size of about 140 × 140 × 140 µm 3 , which means 70 × 70 × 70 μm 3 for inter Gauss point size equivalent to the size of ROI in the quantitative experimental analysis in Section 3.5 with respect to the symmetric condition. e loading roller of experimental setup is modeled as a rigid body. e friction is neglected between roller and specimen. Loading is applied via imposed displacement through the Yaxis at line l_char. e same as in the experimental analysis, δ5 is calculated at every loading step as twice the displacement of the marker P_δ5 positioned on the surface of the specimen at 2.5 mm through the Y-axis.
Data Availability
All data used in this article are restricted by the French Atomic Energy and Alternative Energy Commission in order to protect privacy. Requests for data may be considered by the corresponding author for researchers who meet the criteria for access to confidential data under conditions.
Conflicts of Interest
e authors declare that they have no conflicts of interest.
